To examine interactions among spatial scales in disparity processing, we have measured the upper disparity limit for binocular single vision (the diplopia threshold) for high-spatial-frequency test stimuli in the presence of cosine gratings of lower spatial frequency that defined a surface in depth. When the frequency of this grating surface was 2.0 octaves below that of the test, the test fusion range was reduced by a factor of 3-4 relative to the condition in which no grating surface was present. However, gratings 4.0 octaves below the test frequency had no effect, and the test and grating were seen transparently at different depths. Further experiments indicate that the effect is orientation specific and that high-frequency gratings do not affect low-frequency tests. Finally, experiments using grating surfaces tilted in depth indicate that fusion at high spatial frequencies is constrained to a range centered on the local disparity of the surface defined by the lower frequency. These results are important for computational models for stereopsis that are based on coarse-to-fine matching strategies.
INTRODUCTION
A wealth of psychophysical and physiological evidence has demonstrated that the retinal image is represented in the cortex on several different spatial scales ranging from coarse (low spatial frequency) to fine (high spatial frequency). 1 -9 It is therefore natural to question what role these different spatial scales may play in the generation of binocular single vision and stereopsis. Schor and his colleagues' 0 "' have employed spatially localized, bandpass stimuli to demonstrate that disparities can be processed over a range of spatial frequencies from below 0.25 cycle per degree (c/deg) to at least 10.0 c/deg. Within this range Julesz and Miller1 2 have provided evidence that disparities in two spatial-frequency bands separated by more than 2 octaves can be processed independently.
Against this background we pose this question: Are there interactions among spatial scales that contribute to the processing of binocular disparity information? This question is particularly germane, as several computational models for stereopsis have posited that disparity processing on coarse spatial scales functions to constrain processing on fine scales. For example, both Nishihara13 and Quam1 4 suggest that disparity matches found on coarse spatial scales produce a cortical shift in disparity matching on fine scales, and
Anderson and VanEssen' 5 have devised neural circuits that might accomplish such a shift. The stereo model of Marr and Poggio1 6 also uses coarse-scale disparity matches to shift the search for fine-scale matches, but the shifting in their model is accomplished by eye movements rather than by cortical circuits.
To determine whether there are interactions between spatial scales in stereopsis, we have measured the upper disparity limit for binocular single vision (the diplopia threshold) using stimuli containing information on two separate spatial scales. Specifically, these images were composed of spatially localized test patterns with a 1.0-octave spatial-frequency bandwidth superimposed on a cosine grating of a different spatial frequency. When the cosine frequency was 2.0 octaves below the peak of the test pattern, the fusion range was greatly reduced relative to the range for the test pattern in isolation. However, when the cosine was 4.0 octaves below the test frequency, there was no reduction in the fusion range, and the test patterns were seen transparently in depth through the plane defined by the cosine grating. In addition, when the background cosine was 2.0 octaves above the sixth Gaussian derivative (D6) test frequency, no interaction was found. These results indicate that disparity processing on coarse spatial scales does constrain processing on finer scales, but only over a spatial-frequency range of approximately 2.0 octaves. Finally, data from further experiments using gratings tilted in depth suggest that coarse scales reduce the fusion range for fine scales to a smaller range centered on the local grating disparity.
METHODS
All stereograms used in our experiments were generated by an Apple Macintosh II computer on a pair of matched 8-bit gray-scale Apple video monitors, each of which had a spatial resolution of 640 pixels horizontally and 480 pixels vertical-ly. One virtue of the Macintosh II for stereoscopic presentations is that a single computer can simultaneously control two (or more) independent screens. Thus left-and righteye images could be presented independently on two monitors and conveniently viewed by using a mirror stereoscope. In all experiments the test stimuli were spatially localized patterns defined by a D6 in the horizontal direction multiplied by a single Gaussian in the vertical direction (Fig. 1A) .
These patterns have a bandpass spatial-frequency spectrum with a 1.0-octave full bandwidth at half height. In these experiments the space constant of the vertical Gaussian was 4.0 times that of the D6. Further mathematical details of these functions may be found elsewhere.' 7 These patterns were either presented alone, or else they were added to a vertical cosine grating. Several of the stereoscopic pairs used in these experiments are shown in Fig. 1 , while a schematic of the depth relationships is illustrated in Fig. 2 . Diplopia thresholds (limits of binocular fusion) were first measured by using a pair of identical D6 patterns in each monocular view equally spaced to the left and right of the fixation point (Fig. 1A ). As illustrated in Fig. 2A , when viewed stereoscopically the lefthand pattern had zero disparity relative to fixation, while the disparity of the right-hand one was varied from trial to trial and thus appeared at a greater or lesser depth relative to the left-hand D6. The spatial separations between the monocular D6's ranged from 0.67 deg at high spatial frequencies to 1.33 deg at low frequencies. As fixation was between the two D6's, the D6 of varying disparity lay between 0.33 and 0.67 deg in the visual periphery. Depending on the range of disparities used, this configuration could be used either to measure diplopia thresholds or stereoacuity (see below).
Interactions between different spatial scales were measured by using the stereograms shown in Figs. lB and IC. In these images the two D6 test patterns have been added to a vertical cosine grating of lower spatial frequency. The spatial frequency was identical for the two monocular cosine gratings, and they were presented with zero disparity relative to the fixation point. Thus the grating defined a frontoparallel surface at the fixation distance. The left-hand D6 test stimulus was at zero disparity and thus in the same plane as the grating surface, while the disparity of the righthand D6 was varied so that it was geometrically either behind or in front of the grating surface. Figure 2B illustrates these depth relationships. This configuration was used to measure both stereoacuity and diplopia thresholds. Variations on this basic cosine-plus-D6 stereogram, including changes in grating orientation and tilt of the grating surface, are discussed in the Results section.
The spatial frequencies chosen for both the D6 test patterns and the cosine gratings were based on the data of Schor et al.1 0 They measured diplopia thresholds by using difference-of-Gaussians stimuli and found that thresholds increased with decreasing spatial frequency below 2.0 c/deg. However, diplopia thresholds were constant at approximately 10.0 arcmin above 2.0 c/deg. To sample both the plateau and increasing diplopia-threshold regions, therefore, we chose three frequencies separated by 2.0 octaves. These were 0.75, 3.0, and 12.0 c/deg for subjects RB and HRW and 0.5,2.0, and 8.0 c/deg for subject DLH. For each subject the highest spatial frequency chosen was the highest at which stereoacuity could easily be measured. The 2.0-octave separation was chosen to be far enough apart so that the stimulus components would stimulate different sets of spatial-frequency-tuned mechanisms as determined in previous adaptation, subthreshold summation, and masking studies. '-5 " 8 Pilot studies revealed that the 2.0-octave separation produced large and robust interaction effects.
Diplopia thresholds were measured by using a single-interval forced-choice procedure with the three authors serving as subjects. When the subject was properly fixating the small (2 arcmin X 2 arcmin) fixation point, he or she pressed to appear in front of the other in depth. B, These same highfrequency D6's are added to cosine gratings two octaves lower in frequency. Note that the left-hand D6 can no longer be fused and remains diplopic. C, the gratings are four octaves lower in frequency, and both D6's can now be fused and seen transparently in depth. One of the two was in the fixation plane, while the disparity of the second was varied so that it appeared either nearer or farther than the other (arrows). B, the D6's were added to a cosine grating lying in the frontoparallel plane. The left D6 was in the same plane as the grating, while the right D6 was presented with a disparity corresponding to a nearer or farther location (arrows).
a button that initiated presentation of a stereogram. Stereograms were flashed for 165 msec (HRW and DLH) or 500 msec (RB), and the subject then pressed one of two buttons to indicate whether the right-hand D6 appeared fused or diplopic. In a single experiment five disparities were presented in random order, with each being presented a total of 40 times. The resulting data indicated the percentage of trials on which diplopia was reported for each disparity.
These data were fitted with a Quick 9 or a Weibull2 0 function using a maximum-likelihood estimation technique, and the 50% diplopia point calculated from this function was defined as the diplopia threshold.
In addition to diplopia thresholds, stereoacuity was also measured for both the D6 stimuli alone and for the D6's added to cosine gratings. These measurements were made by using a two-temporal-interval forced-choice procedure. In one randomly chosen interval both D6's were at zero disparity, while in the second interval the right-hand D6 was presented at either a crossed or an uncrossed disparity. The subject's task was to signal the interval in which the righthand D6 appeared behind or in front of the left-hand D6.
Data were again fitted with a Quick 19 or Weibull2 0 function using a maximum-likelihood estimation technique, and the 75% discrimination point calculated from this function was defined as the subject's stereoacuity.
RESULTS
The purpose of these experiments was to determine whether disparity information on coarse spatial scales altered processing on finer scales. Baseline diplopia thresholds were first measured by using a pair of high-frequency D6 patterns at 12.0 c/deg for RB and HRW and 8.0 c/deg for DLH. DLH used a lower frequency, as she had difficulty perceiving depth with the 12.0-c/deg stimuli. Figure 1A shows a sample stereogram used in these measurements. When the stereogram is fused, the right-hand D6 will be seen in depth relative to the left-hand D6. Data for three subjects are shown at the left in Fig. 3 . These diplopia thresholds averaged 14.5 min, a value similar to previous results. 0 As noted by Schor et al.1 0 these data are inconsistent with stereo models such as that developed by Marr and Poggio, 16 which postulate that diplopia thresholds should be no greater than approximately one-half cycle of the stimulus frequency (2.5-3.75 min in this experiment). The current data clearly indicate that disparities as large as 2-3 cycles of the peak frequency of an 8.0-12.0-c/deg D6 can be fused in the absence of competing information on coarser spatial scales.
The effect of a lower spatial frequency on high-frequency disparity processing was assessed by measuring diplopia thresholds in the presence of a vertical cosine grating with a spatial frequency 2.0 octaves below the D6 test frequency. The grating frequency was 3.0 c/deg for RB and HRW and 2.0 c/deg for DLH, and grating size was 4 deg high by 5 deg wide. As the cosine grating was at zero disparity relative to the fixation point, it defined a depth plane that was frontoparallel and passed through the fixation point. As shown in the center column of Fig. 3 , diplopia thresholds were drastically reduced by the cosine depth plane to an average of 3.7 min, a factor of 3.9 times lower than the values obtained in octaves lower in frequency reduced diplopia thresholds by a factor of 3.9 (center). However, surfaces 4 octaves below the D6 frequency had no effect (right-hand side), and depth transparency was seen.
the unmasked condition. The reader may observe the effects of a grating surface 2.0 octaves below the D6 frequency by fusing the stereogram in Fig. 1B . The disparities for the D6 stimuli here are identical to those in Fig. 1A ; yet the presence of the surface prevents fusion, and diplopia results.
To determine whether gratings of all lower spatial frequencies would reduce the fusion range for high-frequency D6's, the experiment was repeated but with gratings 4.0 octaves below the D6 test frequency, i.e., at 0.75 c/deg for RB and HRW and at 0.50 c/deg for DLH. A sample stereogram is shown in Fig. 1C . Diplopia thresholds obtained under these conditions averaged 14.3 min (Fig. 3, right-hand side) , a value comparable with those obtained in the absence of a grating surface (Fig. 3, left-hand side) . Under these conditions when the D6 patterns were at a sufficiently small disparity to be fused, they were seen transparently in depth either in front of or behind the plane of the grating surface. The reader may confirm this observation by fusing the stereogram in Fig. 1C . Note that in all three stereograms in Fig. 1 the disparities of the D6's are the same, and thus the inability to fuse Fig. B demonstrates a reduction of the fusion range caused by the lower-frequency grating.
We next sought to determine whether this reduction in the fusion range produced by a grating surface was dependent on the particular spatial frequencies chosen or on the range in octaves between the D6 and the grating. Accordingly, diplopia thresholds were measured by using 3-c/deg D6 test patterns and a 0.75-c/deg cosine grating for RB and HRW and 2.0-c/deg D6's plus a 0.5-c/deg grating for DLH. As shown in Fig. 4 , the pattern of results was the same as that obtained with higher spatial frequencies. Diplopia thresholds for D6's alone averaged 29.8 min, and this was reduced by a factor of 2.4 to 12.5 min in the presence of the 0.75-or 0.50-c/deg grating. As a 0.75-c/deg grating had no effect on diplopia thresholds for 12-c/deg D6's, it may be concluded that the fusion range is reduced whenever gratings fall 2.0 octaves or less below the test frequency and that this occurs over a broad range of test spatial frequencies.
Results to this point demonstrate that lower-spatial-frequency gratings reduce the fusion range for D6 test patterns approximately 2.0 octaves higher in frequency. But does by the data on the right in Fig. 4 , diplopia thresholds were comparable with those obtained in the absence of a grating surface. Thus, although coarse spatial scales constrain disparity processing on fine scales, fine scales do not constrain fusion on coarse scales. We have shown that the presence of a grating 2 octaves below the test frequency severely reduces diplopia thresholds. Does such a surface effectively prevent processing of all disparity information carried by higher frequencies? To answer this question, stereoacuity (the smallest disparity at which depth can be reliably perceived) was measured for two subjects by using both 3-and 12-c/deg D6's. A two-interval forced-choice procedure was used in which the subject indicated which interval contained one D6 in front of or behind the other, guessing if necessary. The percent-correct discrimination data were again fitted with a Quick' 9 or a Weibull 20 function using a maximum-likelihood procedure, and the 75% correct point was taken as an estimate of threshold. Clearly, however, disparity information at high spatial frequencies can be processed in the presence of grating surfaces that severely reduce the fusion range, and these gratings have little consistent effect on stereoacuity. It is interesting to note that during measurement of stereoacuity thresholds in the presence of gratings, the test D6, when seen in depth, produced a small bulge in the plane defined by the grating. This observation, along with those above, suggests that depth transparency under additive conditions can be perceived only when information defining the transparent planes is separated by approximately 4 octaves in spatial frequency.
Two ancillary experiments were conducted to examine further characteristics of this constraint on the fusion range. In the previous experiments the D6 patterns had always been at the same phase relative to the grating when they lay in the plane of the grating, namely, centered on the bright bars. As it was possible that relative phase might affect diplopia thresholds, experiments with a frontoparallel grating surface 2.0 octaves below the test frequency were repeated with the right-hand D6 shifted to 45, 67, or 180 deg relative to the grating. In all cases the left-hand D6, which remained in the plane of the grating, was centered on a bright bar. Results for three subjects appear in Fig. 6 . As there was no significant difference between crossed and uncrossed diplopia thresholds, the two have been averaged for each subject at each phase. Although there is a slight trend toward higher diplopia thresholds at relative phases of 45 and 67 deg, the fusion range is still greatly reduced compared with that for D6's alone (arrow in Fig. 6 ). Thus relative phase plays at best a minor role in this reduction of the fusion range.
The goal of the second ancillary experiment was to determine whether the reduction of the high-frequency fusion range by a grating 2.0 octaves lower in spatial frequency was orientation dependent. Accordingly, the vertical grating was replaced by a plaid composed of the sum of two 3.0-c/deg figure) . This coarse-to-fine constraint on the fusion range is therefore orientation dependent, although these data are not sufficient to provide bandwidth estimates. It has recently been reported that orientation differences fail to enhance the perception of stereo transparency. 2 ' However, that study utilized short line segments at +45 deg. These lines contain energy at all orientations and thus would stimulate vertically oriented mechanisms as well as those tuned to oblique orientations. Our use of bandpass D6 stimuli avoids this problem and thus provides a likely explanation for the difference between our results. All experiments to this point have employed zero disparity gratings that defined a frontoparallel plane. We wondered how the results would change when the grating surface was tilted in depth. Accordingly, the stereograms were modified to incorporate a surface created by gratings differing in spatial frequency by 12.5% between the monocular images. Blakemore 2 2 has shown that a frequency difference in this range produces the percept of a tilted grating over a wide range of spatial frequencies. The spatial phase of the monocular gratings was arranged so that the left-hand D6, which was centered on a bright bar in each monocular image, had zero disparity relative to fixation and was at the same disparity as the grating at that point. In other words, the left-hand D6 was in the same plane as the grating at the point where the grating surface cut the plane of fixation. The disparity of the right-hand D6 was then varied to determine diplopia thresholds. Owing to the tilt of the grating, the right-hand D6 was in the same plane as the grating when it had a disparity of 4.5 min for RB and HRW or 6. grating tilted in depth and two D6 test patterns (dark-light-dark bars superimposed on the grating). The tilt of the cosine about a vertical axis running through the left-hand D6 was produced by the introduction of a 12.5% spatial-frequency difference between the two monocular gratings. The disparity of the right-hand D6 was then varied (arrows) to measure diplopia thresholds.
The solid and open circles in Fig. 9 show average data for RB and HRW obtained with 12-c/deg D6's added to gratings of 3 and 3.375 c/deg in the two monocular images, while the triangles depict data for DLH using 8.0-c/deg D6's and a stereo grating pair of 2.0 and 2.25 c/deg. The data at zero grating disparity are taken from Fig. 3 . For both crossed and uncrossed grating disparities diplopia thresholds for the 12-c/deg D6 (RB and HRW, circles) are reduced to a range averaging +3.5 min centered on the local disparity of the grating (heavy slanting line in Fig. 9 ). For DLH using 8.0-c/deg D6's (triangles) the same pattern was obtained, except for the solid triangle at the fax left. Whether this discrepancy represented an individual difference or a spatial-frequency dependency was not determined. Recall that diplopia thresholds in the absence of a grating averaged +14.5 min (see Fig. 3 ), which is almost the entire range of the ordinate in Fig. 9 . Thus the ±14.5-min fusion range for D6's alone is collapsed by the presence of a grating 2 octaves lower in frequency into a range of +5.1 min (averaged across all subjects) centered on the local disparity of the grating. deg tilted grating. A schematic of the depth relationships for the fused stereogram is shown in Fig. 8 . As we found that the percept of tilt generated by an interocular spatial-frequency difference was not readily apparent in brief flashes,
we chose to present the grating alone for 1.0 sec before superimposing the D6's on it for an additional 165 msec. Under these conditions, subjects first saw a tilted grating for 1.0 sec after which a pair of D6's appeared on it with the right-hand one at a variable disparity relative to the grating. Under these conditions, judgments of fusion or diplopia were easily made.
DISCUSSION
These experiments have demonstrated that the presence of a surface in depth defined by a low spatial-frequency grating can severely reduce the fusion range for test targets up to 2.0 octaves higher in spatial frequency. This coarse-to-fine constraint in the disparity domain may be related to a number of previous studies. For example, Ramachandran and Cavanagh 23 have reported conditions under which subjective contours can capture texture elements in stereograms. The reduction in fusion range occasioned by a grating surface may underlie this stereoscopic capture phenomenon. Similarly, Westheimer 2 4 , 25 and others 2 6 27 have documented both attraction and repulsion effects in the disparity domain. Certainly, the reduction in fusion range reported above may be viewed as an instance of stereo attraction, although we found no consistent attraction effects when measuring stereoacuity. As these authors utilized dots and lines as stimuli, however, it is difficult to compare their results more directly with ours obtained by using bandpass stimuli.
Julesz and Miller' 2 have previously investigated interactions between spatial-frequency channels in binocular fusion. They reported that fusion could be maintained on a low spatial-frequency scale in the presence of concurrent masking noise on a higher-frequency scale so long as the two scales were separated by at least 2.0 octaves. From this they concluded that disparity processing on different spatial-frequency scales is independent.
However, our discovery of strong interactions between scales separated by 2.0 octaves is at variance with their conclusion. This has led to a reexamination of the Julesz and Miller study. 2 8 The results provide further evidence for interactions between spatial scales in stereopsis.
Several computational models of stereopsis have hypothesized that coarse spatial scales might constrain disparity processing on finer scales.'
3 "1 4 "1 6 Our results provide experimental corroboration for this hypothesis, but they also indicate that the nature of this coarse-to-fine constraint is somewhat different than had been conjectured. 
A
less than approximately 0.5 cycle of the peak frequency in the absence of activity on lower-frequency scales. Our measurements of diplopia thresholds for isolated D6's agree with previous data 10 in showing that disparities corresponding to approximately 3.0 cycles of a high-frequency test stimulus (14.5 min for 12-c/deg D6's) can be easily fused. Whereas these computational models have postulated that the role of coarse disparity scales is to shift the small fusion range of fine scales, we find that coarse scales collapse or reduce the fine-scale fusion region to a small range centered on the disparity of the coarse depth surface.
Prazdny2
9 has criticized coarse-to-fine stereo algorithms on two points. First, he has pointed out that any coarse-tofine strategy based on eye movements, such as the Marr and Poggio scheme,1 6 must globally shift all fine-scale processing across the visual field. As many of our data were obtained with 165-msec presentations, however, eye movements may be ruled out as an explanation. Thus our results indicate the existence of a neural coarse-to-fine constraint on the fusion range, and this could operate in parallel in different regions of the visual field. Indeed, our results with tilted grating surfaces (Fig. 9) indicate that it does. Second, Prazdny 29 criticized coarse-to-fine strategies as precluding the perception of stereo transparency. Our data, however, show that transparency perception is possible despite coarse-to-fine constraints when the transparent surfaces are separated sufficiently in either spatial frequency or orientation.
One final criticism of our results remains to be answered. One anonymous referee suggested that the measured constraints on the fusion range might result from the similarity in width of a single bar of the grating and the contrast envelope of the superimposed D6. Two lines of evidence show that this is not the case. First, Rohaly and Wilson have repeated these experiments using a low-frequency D6 in place of the cosine grating. 30 When the low-frequency D6 was 2.0 octaves below the test frequency, the reduction in fusion range was identical to that reported above. As the lower-frequency D6 has a contrast envelope that is 4.0 times wider than the envelope of the higher-frequency D6, the contrast-envelope hypothesis incorrectly predicts that no interaction should be found. Second, the high-frequency D6 was replaced by a test pattern that was a single Gaussian function with a width (at le height) identical to that of the center bar of the high-frequency D6. 30 This use of a test stimulus with a narrower contrast envelope again led to the same results as reported above and not to those expected on the contrast-envelope-matching hypothesis.
The nature of this coarse-to-fine constraint on disparity processing has implications for underlying neural circuitry. As this interaction entails a narrowing of the fine-scale processing range rather than a shift of that range, it seems unlikely that neural shifter circuits' are used to rearrange monocular inputs to stereo mechanisms. All that would be needed would be inhibitory feedback to suppress an appropriate subset of the monocular inputs, thereby reducing the fusion range. Blake 3 l has recently argued for such monocular feedback as the basis of binocular rivalry. This suggests that the circuitry subserving interactions between spatial scales in stereopsis may generate rivalry when presented with incompatible monocular information.
A scheme capable of explaining our data is diagramed in Fig. 10 . Here left-and right-hand monocular units tuned to near-vertical orientations are shown providing input to three classes of binocular neurons respectively sensitive to far, zero, and near disparities. Evidence for the existence of three binocular neuron pools in humans was first provided by Richards, 3 2 and subsequent neurophysiological research demonstrated their existence in monkeys 3 3 and cats. 34 From top to bottom of the figure units with three different receptive-field sizes tuned to progressively lower spatial frequencies are shown. Our data showing the presence of coarse-to-fine constraints on stereo processing could be explained by the presence of inhibitory interactions among binocular units. To agree with the data obtained with tilted planes (Fig. 9 ), three types of inhibitory connections would be necessary: lower-frequency far units inhibiting higherfrequency near units, lower-frequency near units inhibiting higher-frequency far units, and lower-frequency zero-disparity units inhibiting higher-frequency near and far units. The first of these is illustrated in Fig. 10 by lines with solid circles indicating the site of inhibition. As a result, disparity processing on the higher-frequency scale would be forced into a range close to the disparity resolved on the coarser scale. Stereoscopic transparency would result when there was stimulation of the high-and low-frequency scales but none on the intermediate scale. Finally, the orientation dependence of the coarse-to-fine constraint suggests that similar processing occurs in parallel for a range of different orientations.
The existence of coarse-to-fine constraints on the fusion range may also provide some insight into the disparity-gradient-limit phenomenon. In this phenomenon the fusion range for a pair of image features is proportional to the mean separation of these features in the monocular views. 35 36 Wilson et al. have shown that the disparity gradient effect at large separations is dependent on the presence of low spatial frequencies in the image. 37 We have shown above that even in the presence of a grating 2.0 octaves lower in spatial frequency, small disparities of the D6 test stimuli could still be processed. Under these conditions, the disparate D6's produced a bulge in the depth of the grating surface. A reduction of the fusion range caused by the coarse-to-fine constraint has the effect of limiting the magnitude of this bulge, which thus limits the disparity gradient in the neighborhood of the bulge. Thus it may be conjectured that coarse-to-fine constraints are the cause of the disparitygradient phenomenon.
As both detection 3 ' 4 and masking 5 ' 18 experiments show independence at threshold between spatial-frequencytuned mechanisms separated by 2.0 or more octaves, our data clearly indicate the existence of disparity-specific, suprathreshold interactions among these mechanisms. Although these interactions couple only mechanisms separated by 2.0 octaves or less, the vast majority of natural surfaces have broad spatial-frequency spectra. Thus disparity processing of most natural surfaces would evoke coarse-to-fine interactions extending across all spatial scales. The result would be perception of a solid surface in depth. Transparent depth surfaces, which have been encountered infrequently in our evolutionary history, can only be perceived when the surface details are widely separated in spatialfrequency content or in orientation. Thus our results support the computational hypothesisl3"1 4 "1 6 that the propagation of constraints from coarse-to-fine spatial scales aids in solving the correspondence problem in a world in which most surfaces are opaque.
